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CHAPTER 1

Introduction

This study addresses the problem of vertical dynamic response of axially loaded
piles with tension bias under the vertical component of earthquake loading. Of specific
concern are (a) whether the pile loses capacity during the period of strong ground motion
and thereby either fails or operates under a lower-than-desirable factor of safety, and (b) if
the pile loses capacity, whether that loss is permanent or whether it is regained after the
conclusion of the seismic event. While mathematical models exist that can provide
computations for these phenomena, very little experimental data are known to exist against
which to test these models.

The problem has been studied experimentally using modelling techniques. The
response of axially loaded piles with uplift biases have been simulated as accurately as
possible under a given set of controlled conditions in the laboratory. Such behavior has
been studied for an impact-driven pile in saturated fine sands of varying permeabilities and
subjected to the scaled vertical component of a seismic soil motion that has been measured
on the seafloor during the Oceanside earthquake (offshore California) of July 13, 1986.
Principles of scaling an earthquake to a higher magnitude, and scaling relationships, similar
to those applied to centrifuge models, have been utilized in an attempt to simulate the

problem more realistically.

Even where the strongest component of soil motion is horizontal, produced by
upward propagating shear waves, it is essential to understand whether the potential loss of
axial capacity of a pile developed from excess pore water pressures and effective stress
changes in the soil due to the vertical component of relative pile-soil motion, or whether
such interaction can be effectively neglected. This study provides insight into that issue by
defining the magnitude of the effects of vertical soil motion on a pile under biased tension

loading.
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OBIJECTIVES

* A laboratory experimental study has been conducted in order to evaluate the effect
of several parameters affecting the capacity of axially loaded piles subjected to biased uplift
loads in a saturated sand deposit that is subjected to the simulated vertical component of
seismic excitation. Generally the zone of greatest susceptibility to loss of side shear
capacity is the uppermost 40 ft of pile penetration, where mean ambient effective stresses
in most offshore sand deposits are 5 psi or less. In that zone soil stress waves can produce
pore water pressures that are a significant percentage of the in-situ effective stresses
(inducing near-field and/or free-field liquefaction). Therefore, this study is focused on
simulation of pile-soil interaction in that zone, which has been accomplished by placing a
pile segment in an isotropically pressurized chamber in which mean initial effective stresses
of 2.5 and 5.0 psi (corresponding to pile penetrations of 20 and 40 ft, respectively) were
applied. The pile segment to be tested simulates only that portion of the pile in the zone of
interest.

The particular event chosen for this study was the Oceanside event of July 13,
1986, a Richter Magnitude 5.8 earthquake whose epicenter was 74 km southeast of the
instrumentation site from which the data were acquired, known as the "SEMS" site. This
moderate event appeared to produce a typical record for an offshore California earthquake.
The SEMS unit was a three dimensional accelerometer buried in sediments 5 feet below the
mudline off the coast of Long Beach, California. The site is a deep, soft soil site, as
characterized in Appendix A. Low peak accelerations of the vertical component (3-4 milli-
g's) suggested no loss of pile capacity . Therefore, the actual earthquake was scaled to a
higher magnitude, i.e., Richter Magnitude 8.0. Furthermore, scaling effects of the small-
scale prototype were considered.

The specific parameters investigated were:

(a) Magnitude of mean initial effective pressure in the sand (prior to pile driving),
(b) Ratio of static uplift bias load to peak static uplift capacity,

(c) Relative density of the sand, and

(d) Type of static loading tests (controlled displacement test or controlled load test).

In order to scale the effect of drainage distance and its effect on pore pressure
generation and dissipation, both the earthquake frequency and soil permeability were also
scaled in some tests.
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Components of behavior that were investigated were:

(a) Dynamic uplift capacity of the pile during simulated seismic motion for selected
combinations of the above parameters (i.e, under what conditions does the pile fail by pull
out during the simulated seismic event?), and

(b) Residual static uplift capacity of the pile after the simulated seismic event ( i.e.,
capacity under monotonic uplift loading).

The controls (non-variables) were the follows:

(a) Length (embedment ) of the pile segment,

(b) Degree of saturation of the test sand (100%),

(c) Pile segment shape (circular steel pile with closed end and uniform diameter and
wall thickness), and

(d) Method of pile insertion (impact driving).

The information developed should provide practical guidance concerning the
permissible tension bias loads that can be sustained by piles in fine saturated sand for the
seismic event that is modelled and by reference to typical Magnitude 8 California-type

seismic events.

RESEARCH APPROACH

The response of piles loaded in biased uplift to the vertical component of a
Magnitude 8 seismic event was studied systematically using experimental modelling. The
soil stresses were simulated to ground stresses in a saturated pressure chamber under
various parametric conditions. The general sequence of testing was as follows. A given set
of soil conditions were duplicated within a pressurized test chamber for each individual
test. Several static uplift load tests were conducted on piles driven into the saturated soil in
the chamber to develop a consistent relationship between penetration rate (blow count per

inch) and static pull out capacity.

Dynamic tests were then conducted in which the pile was driven into the
pressurized chamber and its static uplift capacity evaluated from the penetration rate. A
given ratio of static biased load to static capacity was then applied to the pile through a one-
degree-of-freedom weight and spring system to model a long-period structure to which the
pile was secured, and the simulated earthquake was applied to the base of the chamber
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through a servo-controlled testing machine. If the pile failed during the simulated
earthquake, no further testing was done. If the pile did not fail, additional static load was
applied at the conclusion of the dynamic test to determine whether the post-earthquake static
capacity was reduced from the static capacity that was inferred from the driving rate. In this
manner the ratio of biased load that could be present on the pile to the pile's static capacity
without producing failure during the seismic event could be determined.

The remaining chapters in this report describe the details of the testing apparatus,
the test results and the conclusions developed from the study. The testing sequence
performed to achieve the stated objectives is shown in Table 1.1. A relatively large number
of baseline (static) tests (A1-F) were conducted to confirm the repeatability of the static
uplift capacity, to define appropriate failure criteria and to assess the sensitivity of the static
uplift capacity to relative density and mean effective stress in the soil mass. In order to
investigate failure criteria, both controlled load (CL) and controlled displacement (CD) tests
were conducted during the static phase of testing. The dynamic tests (G-N2) were then
performed under conditions identical to those that existed in the static tests.
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Table 1.1. Testing Sequence

Test No. Type of Test: [ Type of Static Condition:
Static (Base Line)/ Loading: Dr(%)/c. (psi) /
Dynamic CD/CLe Q pias (Ibs)
Al Static CD 55/5/0
A2 Static CD 55/5/0
A3 Static CL 55/5/0
B1 Static CD 70/5/0
B2 Static CL 70/5/0
C Static CD 78/5/0
D Static CD 85/5/0
El Static CD 55/2.5/0
E2 Static CL 55/2.5/0
F Static a CL 55/5/0
G Dynamic CD 55/5/60
H1 ‘Dynamic CL 55/5/123
H2 Dynamic CL 55/5/30
11 Dynamic CL 55/5/156
12 Dynamic CL 55/5/243
J Dynamic CL 70/5/228
K Dynamic CL 70/5/335
L1 Dynamic CD 55/2.5/184
L2 Dynamic CL 55/2.5/87
M1 Dynamic &¢d CL 55/5/100
M2 Dynamic &¢4d CL 55/5/160
N1 Dynamic ¢ CL 55/5/111
N2 Dznamic c CL 55/5/214

a. Tests conducted with micro-fine sandb. Other static tests conducted with standard
test sand (SJR sand).

b. Sand with a coefficient of permeability approximately 0.12 times that of SJR sand
(standard test sand) to scale drainage distance.

c. Time scaled by a factor of 0.14 in the acceleration record to scale drainage distance and
other length factors.

d. Accelerations scaled by a factor of 7 in the acceleration record.

e. CD refers to a controlled displacement test. CL refers to a controlled load test.
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CHAPTER II
Background

The dynamic response of axially loaded piles has been the focus of considerable
research, both analytical and experimental, for several years. Mathematical models that that
the supporting soil as linear, viscoelastic media are presently in use (1,2,3), although most
applications have been in the area of machine foundations. However, nonlinear solutions
more suitable to the analysis of piles during seismic events have been developed recently.
One class of such model considers radiational damping through the soil in a generally
rigorous way (4), while another class requires that assumptions be made regarding
radiation damping but which models near-field hysteretic damping accurately based on time
series response of nonlinear unit load transfer curves ('t-z' curves) (5). In the latter, it is
possible to replicate seismic events through specified time-motion history of the free-field
soil (physically, motion of the supports for the nonlinear springs that model the t-z curves).
However, effects of losses in pile-soil shearing and base resistance during the event due to
cyClic loading must be supplied by the user of the method and hence are presumed to be at
least approximately predictable. The primary use of the mathematical models described in
Refs. 4 and 5 has been to model problems in which dynamic load is applied through the
pile head and/or where assumed degradation models have been applied to the soil
undergoing seismic excitation. The objectives of these analyses have generally been to
develop dynamic response curves for foundations in order to permit analysis of the
superstructure and not specifically to model the capacity of the pile during loading.

Some experimental data exist against which to test the mathematical models, but

" most of the experiments have not simulated earthquake loading or have not included one or

more important variables. The most reliable data are those developed under conditions in
which the effective stresses simulate those found in situ, that is, either full-scale field tests
or tests conducted in a centrifuge. For example, full scale experimental studies of piles
subjected to harmonic dynamic loads large enough to impart nonlinear behavior have been
reported (6,7,8), and recent attempts have been made toward applying measured soil base
motion response to piles and pile groups in dry sand in the centrifuge (9). A study by Scott
et al. (8), which involved only lateral pile-head excitation, indicated that liquefaction (and

instantaneous reduction in soil reaction) may have been induced by pile head-loading in a
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saturated fine sand. Except for this study, none of the referenced studies was conducted to
loads large enough to produce significant degradation of capacity.

Another source of data are laboratory and field tests that have been performed on
piles to a sufficient magnitude of combined cyclic load and static bias load to produce
failure. Most of these tests have been conducted under a slow rate of loading. The results
may be misleading regarding their application to earthquake problems, therefore, because
rapid, high-amplitude, cyclic axial loading tends to produce two counteracting effects: (a)
loss of capacity, principally in skin friction (10, 11), and (b) increase in capacity due to
viscoelastic effects (14,15,18). Studies show, however, that the net capacity loss (i.e.,
degradation) occurs in both cohesive soils (12,13) and cohesionless soils (11). Studies
have also indicated that relative motions between the pile and soil required to initiate cyclic
degradation are approximately equal to the relative displacement required to initiate side
shear failure in static loading (10).

Holmquist and Matlock (12) determined from slow cyclic test in soft clay that one-
way loading produced less severe degradation than two-way loading and recommended an
envelope unit load transfer curve that terminated at 0.67 times the static ultimate capacity for
one-way loading and at 0.33 times the static capacity for two-way loading. Karlsrud et al.
(13) independently arrived at similar conclusions for piles in overconsolidated clay in the
field and further observed that large-amplitude, post-failure loading produced additional
degradation in available side shear to about 30% of its static value. In low-plasticity,
overconsolidated, cohesive glacial till, McAnoy et al. (16) observed that piles tested with a
tensile bias of 40% of the static uplift capacity and a superimposed cyclic load of 40% of
the static uplift capacity produced a degradation of about 20% in average ultimate unit side
shear after application of over 500 cycles of load. With lower amplitudes of either static
bias or cyclic load, insignificant loss of capacity occurred with in excess of 13000 cycles of
applied load.

In sands, Poulos (10,11) found that short, stiff piles suffer degradation sooner and
degrade more severely than long, flexible piles, and that degradation of skin friction in
calcareous sands tends to be more severe than in siliceous sands (in the range of 25% loss
of capacity in siliceous sands and 50% loss in calcareous sands). Poulos (10) also found
that neither the soil modulus nor the ultimate base bearing capacity appeared to be seriously
affected by cyclic loading. Chang and Hanna (17) performed one-way cyclic loading tests
on laboratory model piles in dry medium dense sand to a large number of cycles. They
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found that pile behavior was highly dependent on the magnitude of the repeated load and
that pile failure could occur with cyclic loads of 30% of the ultimate static load. They also
found that one of the effects of repeated loading was to cause a redistribution of loads from
the shaft to the base.

Separate sources of data providing information about the effects of capacity gain
due to rate-of-loading effects (14,15) suggest that axial pile capacity increases by about 5%
per log cycle decrease in total time to failure in clay, suggesting that load excursions at
primary earthquake frequencies could produce capacity increases relative to static capacity,
of perhaps 20 to 30% in the absence of cyclic degradation. In sands, the effect appears to
be slightly less pronounced (15).

Since the data from slow cyclic tests suggest losses due to cyclic degradation of
from 20 to 70% of static capacity, and data from rate-of-loading studies suggest that
viscous loading effects will independently produce gains in capacity of 20 to 30%, it would
appear that, if the result of the two type of studies can be superimposed, earthquake
frequency loading could produce a net loss of capacity, provided that the induced amplitude
of relative pile to soil displacement during the seismic events exceeds perhaps 10% of pile
diameter, the approximate value required to initiate static side shear failure.

Other factors, however, also appear to be relevant when considering the response
of axially loaded piles to seismic excitation. Stress waves in a saturated granular soil can
produce either liquefaction or cyclic mobility in the free field which, when superimposed
on the effects of cyclic pile motion described above, may further reduce the capacity of the
pile. Liquefaction and cyclic mobility phenomena have been extensively investigated
during the last two decades (i.e, 19, 20, 21). Liquefaction denotes a condition where soil
will undergo continued deformation at a constant low residual resistance or with no residual
resistance, due to the build-up and maintenance of high pore water pressures which reduce
the effective confining pressures to a very low value. Cyclic mobility denotes a condition in
which cyclic shear application produces a condition of initial liquefaction and subsequent
cyclic stress applications cause limited strains to develop either because of the remaining
resistance of the soil to deformation or because the soil dilates, which causes the pore water
pressure to drop, and the soil to stabilize under the applied loads. Liquefaction has been
observed in situ on many occasions (i.e, 22,23) and it has been reproduced in the
laboratory (24,25). Generally, liquefaction appears not to occur when shear strains (y)
induced by loading are less than 0.01 per cent. In laboratory undrained cyclic tests (triaxial,
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direct simple shear) on saturated sand, cyclic mobility has been observed to develop and to
result in large strains (26,27). Available computer programs, such as SHAKE (32), can be
used to evaluate the dynamic response of a soil deposit . In SHAKE, the soil deposit is
modelled as a system of homogeneous, visco-elastic layers of infinite horizontal extent
subjected to vertically propagating shear waves. The evaluation of liquefaction potential of
the free-field soil can be accomplished by using either the simplified procedure developed
by Seed and Idriss (33) or a computer program APOLLO (34) for the analysis of
generation and dissipation of pore pressures with time in horizontal sand layers during
cyclic or earthquake loading. Using today's design practice, for instance, in a nonlinear
seismic response analysis of a jacket platform founded in liquefiable soil in the Adriatic sea,
Vanzini, et al.. (35) evaluated the soil-pile behavior by considering the free-field and the
near-field liquefaction potentials separately, and subsequently incorporated them into the
soil-pile-structure interaction analyses. Very few attempts have been made to study how
liquefaction and/or cyclic mobility interact with cyclic degradation due to relative pile-soil
movement to affect pile capacity, especially in uplift. In one experimental study, De Alba
(28) reported that the capacity of piles in small scale (éither single or within groups) in
saturated sand during simulated strong seismic motion in the laboratory was reduced in
proportion to the ratio of induced pore water pressure to the initial effective stress in the
sand mass when the sand was loaded horizontally. No attempt was made to scale length or
to model the seismic signature of a specific event or class of events.

It would therefore appear that any serious experimental study of the seismic axial

~ response of piles in granular soils should include the effects of pile-soil degradation due to

both relative pile-soil movement and to the build-up of excess pore water pressures in the
free field that are generated by the seismic motion. These effects could best be
simultaneously modelled by conducting tests in which the soil, and not the pile, is excited.

Such is the manner in which the present experiments were conducted.

The response of the pile to soil-induced excitation depends on the characteristics of
the ground motion, the dynamic characteristics of the pile and the superstructure that the
pile supports and, possibly, to the direction and magnitude of any biased load on the pile.
Some modern offshore structure concepts, such as tension leg platforms (TLP's) and
compliant tower frames, require that piles be designed with biased quasi-static uplift loads
(e.g., 29). The fundamental periods of framed structures are usually in the range of 0.2 to
0.5 seconds (rotational motion producing push-pull action in the piles) (14), while those
for TLP's are somewhat higher. Components of ground motion having similar periods are
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present in most seismic events, particularly where deep deposits of soil exist above a rock
base (31). The presence of these components may produce magnification of structural loads
that can potentially feed back into the pile and affect its response. However, Takashi et al..
(30) have recently published a study of measured response of piles supporting a large
bridge in Japan to real seismic events. They concluded, through back-analysis of the data,
that while superstructure feedback influenced pile response, the response of the piles was
governed more significantly by direct ground motion. These results suggests that this
experimental study should focus on excitation of the pile through the soil and that
simulation of the soil motion only, independent of the specific details of the superstructure
feedback response, is a reasonable testing condition for the pile. Superstructure feedback
was simulated in a very simple and generic manner by applying the biased tension load
through a dead weight-spring system having a period of approximately 1.0 second.

10
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CHAPTER III

Description of Testing System

The complete testing system described in this chapter includes the test chamber /
loading system, test pile, soil instruments, drop hammer, data acquisition system, sand
placement and calibration constants. Fig. 3.1 provides a picture of the testing arrangement,

which is shown in schematic form in Fig. 3.2.

TEST CHAMBER / LOADING SYSTEM

The test chamber, consisting of 3 separate pieces (3/4-in.-thick top and bottom
plates and a 1/4-in.-thick containment cylinder, all made of aluminum) is shown in Fig.
3.3. The assembled test chamber was 22.2 in. in height and 24 in. in diameter. Top and
bottom plates were attached to the containment cylinder by eight equally-spaced, 1/2-in-
diameter threaded rods. A rubber membrane, 1/8-in. thick, folded to the inside of the
cylinder and sealed to the outside by hose clamps, provided uniform lateral confinement to
the soil inside the chamber, while a separate pressure membrane (pancake bladder), affixed
to the underside of the top plate, provided the vertical confinement. Appropriate sealing
was obtained when the cylinder (with the folded membrane) was inserted in a 1/2-in.
groove in each end plate and the bolts tightened. A perforated metal diffusion ring at the
base of the chamber was used to flush the sand with carbon dioxide immediately after it
was placed in the dry. Such flushing reduces the concentration of nitrogen in the soil pores,
which tends to form air bubbles in the soil pores when the soil is saturated. Once this
process had been completed, deaired water was introduced into the specimen through the
same ring. It was allowed to rise slowly within the soil column until the specimen was
saturated.

Two quick connectors were placed through small holes on opposite sides of the
chamber to serve as pressure ports for the lateral membrane. As the soil was placed into the
chamber, the membrane remained collapsed, allowing the chamber wall to retain the
deposited soil with zero lateral strain, thus preventing changes in the density in the soil
mass during deposition. Once the chamber was charged and saturated, air pressure was

11
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applied to the lateral membrane that allowed it to lift slowly off the sides of the chamber a
distance sufficient to produce a controlled total stress condition at the lateral boundary
during subsequent testing.

The top of the chamber, and the top of the soil column, was drained by means of
six ports in the top plate: four drainage ports, one port for the pile (which was not pressure
tight) and one port that allowed for passthrough of the single air valve for the top
membrane. '

Dynamic loading was applied to the base of the chamber containing the biased-
tension-loaded pile through an Instron (TM) servo-controlled testing machine that was
programmed to follow a prescribed vertical deflection time history, defined by the scaled
earthquake of interest.

The boundary conditions for the internal surface of the test chamber can be
summarized as:
Top: Controlled effective stress, with drainage;
Sides: Controlled total stress, no drainage; and
Base: No drainage, no relative soil chamber motion.
The condition of upward flow of water through the soil pores during simulated
seismic activity (an important factor in liquefaction in loose soils) has been permitted.

Figure 3.4 provides a simplified schematic of the types of waves that can be
expected in the soil with the existing test system. The imposed vertical base motion
produces upward-propagating compression waves, which, in turn, serve both to excite the
pile and to generate excess pore water pressures in the free-field soil. Relative motion is
allowed to develop between the pile and the soil, which produces radially propagating shear
waves (primarily) which may further produce excess pore water pressures and otherwise
degrade the pile/soil resistance. The ratio of chamber radius to pile radius of 10 and the
presence of a flexible lateral membrane minimize the effects of boundary reflections.

Static uplift tests were conducted on the model pile driven into the chamber by
controlled load (CL) and controlled displacement (CD) methods. The definition of static
failure load was not straightforward, and the mechanism of failure in static uplift had to be
investigated. The fundamental problem is illustrated in Fig. 3.5. If a pile in the chamber is
subjected to a static load test in which the load Q is applied under conditions of controlled

15
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displacement (CD), the load movement relation on the left is produced. Initial slippage
occurs when static friction first develops into sliding friction. But sliding friction is quickly
arrested because the pile loses elastic energy and becomes less elongated, allowing static
friction to once again develop, after which further frictional capacity is realized. This cycle
is repeated perhaps several times, each of which results in a slight increase in uplift capacity
following minute amounts of slippage. In a controlled load (CL) test (which represents
many conditions of loading, such as Ioading from a tension leg platform (TLP), better than
the CD test), depicted on the right side of Fig. 3.5, no opportunity for arresting initial
sliding friction exists, and pullout occurs at the time that initial sliding friction develops.
The result of this behavior is that CL tests appear to produce lower capacities than those
obtained from CD tests. The decision was made at the completion of the static tests to
define failure in uplift from the CL tests rather than the CD tests.

The loading system for CL tests (Figs. 3.1 and 3.2) consisted mainly of a flexible
high-strength cable, 1/16"-in. thick, a threaded steel plug inserted into the pile head, a
simple steel loading frame, a flexible spring system (need for the dynamic tests), two
frictionless pulleys made of brass (one supported by the Instron's frame and the other
supported by the loading frame), a plastic container, lead shots poured into the container
acting as dead weight, and a funnel used to control the loading rate (16 Ib/min). Stability of
the loading frame was assured by the presence of counterbalancing weights placed on an
extended arm welded to the base plate of loading frame. Static post-shaking CL tests were
performed by adding more weight (lead shots) into the plastic container until the pile failed.
The ratio of spring constant in the static load application system to bias weight was always
such that the resonance period of the weight-spring system was 1-2 seconds, which was
selected because it is in the general range of the lowest fundamental frequency of typical
compliant offshore structures.

For the preliminary static CD tests, the pile head was affixed to the Instron's load
cell and the actuator engaged to provide a controlled displacement rate of 0.0033 in./min.
For CD tests, conducted after dynamic tests, the bias load was applied by the dead-weight-
spring system and held during the dynamic portion of the test, after which the Instron's
actuator was used to apply the additional load to fail the pile in the post-shaking static test.

18
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TEST PILE

This section describes the reusable model test pile that was employed during this
entire study. The choice of the diameter of the pile and chamber represented a compromise
between minimizing scale effects between maximum sand particle size (which was 1 mm in
the case of the coarsest sand used in the chamber tests, San Jacinto River Sand) and
minimizing pile size utilizing a minimum pile diameter-to-soil particle size ratio of 20 to
reduce particle scale effects, resulted in the choice of the 1.0-inch-diameter pile. The
diameter of the test chamber containing the sand was limited by the presence of lateral
supports of the Instron testing machine, resulting in a 20-in.-diameter test chamber and a
test chamber-to-pile diameter ratio of 20. With this test chamber-to-pile diameter ratio,
some boundary effects may have occurred in the chamber, although they would have been
minimized by the flexible boundary (lateral membrane) that was employed.

A longitudinal view of the closed-ended pile is shown in Fig. 3.6. The pile, 1.0
inch in diameter and having a 0.05 wall thickness, was constructed of drawn, scamless
steel tubing. The pile was divided into four segments to facilitate the placement of the strain
gages and then reassembled as a unit using the inside threads in every end of each segment.
The threads in the uppermost segment (head) of the pile were used to attach a loading plug
to a flexible cable from the loading system. The total length of the pile was 17.5 in., with
an effective penetration into the soil of 15 inches. 1.5-in. section of the pile was in
frictionless contact with a Teflon bushing in the top plate to assure the verticality of the pile
during driving. The top 1.0 in. was encase within the anvil during the driving operation
and remained exposed above the chamber during a test. After every test, minor grease and
rust deposits were removed from the outside wall of the pile by rubbing the pile with emery
cloth impregnated with a degreasing substance to assure the uniformity of the potential
shear surface along the outside of the pile.

The pile instrumentation was placed permanently on the pile prior to the first test
and remained on the pile throughout the entire study. Three levels of strain gages were
placed in the pile wall, as shown schematically in Fig. 3.6. Each level was a full-bridge
circuit. The levels are denoted by the numeral "1-3." All three levels were read before and
during the pile installation, and during the static and dynamic tests to develop static and
dynamic load transfer curves. At each gage level, two linear strain gages were epoxy-
bonded to the inside of the pile wall and situated 1809 apart. The two gages were wired as
active gages in a Wheatstone bridge, permitting the cancellation of any bending stresses that

19
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